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Abstract:
To highlight the spatio-temporal variability of the food web structure of hydrothermal vent fauna from newly-opened habitat, a series of Titanium Ring for Alvinellid Colonization devices (TRACs) was deployed at TICA site on the East Pacific Rise in 2006. This experiment was conducted for periods of 4 days, 13 days and one month and deployments were aligned along a gradient from the basaltic bottom to the vent openings. d13C values of colonists revealed a narrower range of carbon sources in proximity to vent openings in Alvinella pompejana habitat than in Tevnia jerichonana habitat, separated by a distance of four meters. This was possibly due to a spatial change in available food sources with a possible higher contribution of particulate organic matter (POM) to the siboglinid habitat compared to a higher contribution of microbial primary producers such as Epsilonproteobacteria in the alvinellid habitat. Temporal variability was also observed during experimentation in the form of a shift in either d13C and/or d15N values for A. pompejana, Lepetodrilus elevatus, dirivultid copepods and polynoid polychaetes within a one-month window showing first of all, fast tissues turnover and secondly, a possible switch in feeding strategy or food sources. Lepidonotopodium riftense and Branchinotogluma sandersi may have to alternate between detritivorous and predatory feeding strategies. In addition, through the analysis of stable isotope composition of A. pompejana and its episymbionts, we provided evidence that these attached bacteria formed part of the worms' diet during the course of these colonization experiments.
INTRODUCTION 46
Hydrothermal vents are ecosystems where primary producers are chemolithoautotrophic 47 microorganisms that take advantage of the mixing interface between seawater and vent fluids. These 48 microbes fix inorganic carbon through the oxidation of reduced compounds, into organic carbon, at 49 the base of the food web (Jannasch, 1985; Karl, 1995; Childress and Fisher, 1992) . In contrast to the 50 paucity of conspicuous life forms in the deep ocean, hydrothermal vents harbor a flourishing biomass 51 of megafauna where one or two species are visually dominant. Depending on vent geographic 52 location and local environmental factors, these dominant species may belong to polychaete 53 tubeworms, bathymodiolid mussels, vesicomyid clams, alvinocarid shrimps, and/or provannid 54 gastropods. Many of them are foundation species that create habitat or modify the local density and 55 diversity of macrofaunal invertebrates (Govenar, 2010) . gradients related to the distance from vent openings Limén et al., 2007) . 66
The metazoan species Alvinella pompejana lives in closer proximity to vent openings being both 67 more thermotolerant and adapted to high environmental sulfide concentrations (Le Bris and Gaill, 68 2007), when compared to species further away from the vent openings such as Riftia pachyptila 69 (Tunnicliffe, 1991 For each species, samples were prepared for analyses in tin combustion capsules (1 mg ± 0.1) 210 and analyzed using a CHN elemental analyzer (EuroVector, Milan, Italy). The resultant gas was 211 analyzed online in an isotope ratio mass spectrometer (IRMS) (GV IsoPrime, UK) to determine 212 carbon and nitrogen stable isotope ratios. Stable isotopic data are expressed in permil (‰), and 213 quantify the relative difference between the rare-to-common isotope ratio in a sample and the 214 corresponding conventional standard, defined as Pee Dee Belemnite (PDB) for carbon ratios, and 215 atmospheric N 2 for nitrogen ratios, according to the following equation: 216
where X (‰) is 13 
Statistical analyses 235
To examine the variation in food sources between taxa recovered from deployments within 236 the alvinellid habitat compared to the taxa recovered from deployments within the siboglinid habitat, 237
we used a Bartlett's test to test differences between variances of δ 13 C values (MINITAB version 15). 238
To determine whether δ 13 C ratios of Alvinella pompejana differ between colonization experiment 239 duration (4d, 13d and 33d) within the alvinellid habitats, a one-way ANOVA was carried out and 240 significant differences were assessed by using a post-hoc Tukey test (MINITAB version 15). 241 242
Temperature and deployment duration 244
Mean temperatures that occurred within TRAC deployed on alvinellids for 4 days at the 245 TICA site and for 33 days at the BIO_9 site were in the same range (8.6 °C ± 2.7; 6.3 °C ± 1.9 and 246 8.7 °C ± 2.4 respectively; Table 1 ). During the 13-day deployment on alvinellids at the TICA site, 247 both temperature probes exhibited a steep and severe temperature increase, far beyond the maximum 248 temperature of 20 °C initially chosen for our deployment (Fig.3c) . Temperature rose over 150 °C and 249 was probably much higher, but precise measurement of maximum temperature was not obtained 250 because it exceeded the accuracy limit of the probes (Fig.3c) . A small sulfide spire, about 10cm high, 251 grew within the TRAC during the 13-day deployment interval. The tip of the probes was very close 252 to the growing spire, and was probably bathed by high temperature fluid expelled from the spire. 253
Temperature was highly variable and changed within minutes in this alvinellid habitat (Fig.3c) . 254
Within the siboglinid habitat, the same temporal trend was observed, but the amplitude of variation 255 was reduced (Fig.3b) . Mean temperatures that occurred within TRACs deployed for 4 days and 29 256 days at the TICA site among siboglinid habitat were in the same range (~5 °C), but less than those 257 mean temperatures recorded during deployment within alvinellid habitats for the same duration 258 (Table 1) . However, as was the case in the 13-day deployment among alvinellid habitat (though less 259 extreme), high temperatures in TRAC deployed within the siboglinid habitat were also recorded (up 260 to ~29 °C) giving a mean temperature of 10.5 °C ± 4.9 ( Fig.3b; C was recorded for the polychaete Alvinella pompejana (-10.6‰ ± 0.9‰) and dirivultid copepods 269 (-10.6‰), after 4 days of deployment. Both latter taxa exhibited the same range of δ 15 N isotopic 270 ratios (6.5‰) and became more δ 13 C depleted after 13 days (-11.9‰ ± 0.3‰; -12.3‰ respectively) 271 compared to the 4-day deployment (Fig. 4a) . Dirivultid copepods were absent from TRAC deployed 272 on alvinellid habitat in Bio_9 (Table 2 ). Significant differences in δ 13 C of A. pompejana were tested 273 between colonization experiment duration (4d, 13d and 33d) (F (1,2) = 7.47; p < 0.01). (data seen previously) (Fig. 4a) . Thus after 4 days of deployment, trophic fractionation (Δ hereafter) 279 between A. pompejana and its episymbionts, was 2.2‰ for δ 13 C and 1.5‰ for δ 15 N while Δ of δ 13 C 280 were 0.3‰ and 0.8‰ and Δ of δ 15 N were 1.4‰ and 1.8‰ after 13-and 33-day deployments 281 respectively ( Fig.4a) . 282 283
Stable isotopes values of carbon and nitrogen in siboglinid habitat 284
A temporal variability in stable isotopic composition of target invertebrates was observed in 285 the Tevnia jerichonana habitat during the course of the experiment (Fig. 4b) habitat were significantly more homogeneous (-13.3 to -10.1‰) than those recovered in the Tevnia 300 jerichonana habitat (-15.6 to -10.5‰; Bartlett's test F = 0.37; p <0.05). Both dirivultid copepods and 301 the limpet Lepetodrilus elevatus were more δ 13 C depleted in the siboglinid habitat than in the 302 alvinellid habitat (Fig. 4a, b) . Stable isotope values of the amphipod Ventiella sulfuris were very 303 similar (δ 13 C: -13.1 to -13.7‰; δ 15 N: 8.3 to 8.6‰) in specimens collected in the six TRACs 304 deployed in the two different habitats (alvinellid and siboglinid habitats) over time and also in the 305 different sites (Fig. 4a, b) . 306 307
Food web structures 308
Three main trophic positions (TP) emerged from the Table 3 giving potentially four trophic 309 levels including primary producer, the episymbionts (attached bacteria of Alvinella pompejana) as 310 the first trophic level (TP ranging ~1). The first group of primary consumers (TP ranging between 311 ~1 and ~2) including A. pompejana and dirivultid copepods was seen as bacterivores. A second 312 group of primary consumers (TP ranging between ~2 and ~3) including Ventiella sulfuris and the 313 limpet Lepetodrilus elevatus was seen as detritivores. A third group involving the secondary 314 consumers (TP ranging above 3), was seen to comprise of predators including the three polynoid 315 polychaetes. The two scale worms Branchinotogluma sandersi and Lepidonotopodium riftense may 316 switch their diet and become detritivores (Table 3) . Within the alvinellid habitat, no changes of 317 feeding guilds occurred during the course of the experiments between the 4-day, 13-day (TICA site) 318 and also the 33-day experiments (Bio_9 site). However, within the siboglinid habitat, two species 319 switched their feeding strategy in both directions from detritivore to predator from the 4-day to the 320 29-day experiments. The trophic position of dirivultid copepods had a value lower than the trophic 321 baseline in the 4-day experiments. For the seven invertebrate taxa encountered in any TRACs or 322 habitats, general mean stable isotope ratios of δ 13 C and δ 15 N with respective standard deviation are 323 reported in Table 4 
Variation of the food sources and links to temperature 338
The Bartlett test of homoscedasticity revealed significantly larger variance in the carbon 339 stable isotope ratios of taxa collected within TRACs deployed in Tevnia jerichonana habitat (Fig.4b ) 340 than those deployed in Alvinella pompejana habitat (Fig.4a) . This might indicate a greater diversityof food sources with different isotopic ratios in the former habitat. At hydrothermal vents, 342 chemosynthetic primary producers are diverse both phylogenetically and metabolically (Sievert and 343 Vetriani, 2012) but little is known on the relative contribution of these groups to the diets of primary 344 consumers (Govenar, 2012) . Though somewhat dependent on the colonization deployment duration 345 (4d, 13d and 29/33d), generally average temperature was highest within TRACs deployed on the 346 alvinellid habitat when compared to the siboglinid habitat (Table 1) 
Bacterivores 384
Within a one-month window and at a distance of only 4 meters from a given sulfide edifice, 385
stable isotope values for a given taxa displayed mostly visually (Fig.4 a, Table 4 . In our experiments, we highlighted the temporal variability 388 (within 13 days to one month) of stable isotope ratios for two bacterivorous taxa, Alvinella 389 pompejana and dirivultid copepods. After the 2-week at the TICA site and the 1-month at the Bio_9 390 colonization experiments (Table 1) which Epsilonproteobacteria were identified as being the first pioneer and dominant microbes 396 among other phylotypes. Visible mats were observed during the recovery of the TRACs, both on 397 alvinellid habitats (highly covered) and on sibloglinid habitats (sparsely covered) ( Table 1) . 398 (Fig.4b) . In table 3, the trophic position was 415 lower than the trophic baseline for the dirivultid copepods sampled within the 4-day colonization 416 experiments, reflecting the diet that they consumed in their natural habitat. The change in δ 15 N after 417 13 days of deployment may highlight a change in feeding strategy of these dirivultid copepods. 418 419
Detritivores 420
Other marine invertebrates such as the amphipod Ventiella sulfuris and the gastropod 421
Lepetodrilus elevatus may also feed on free-living micro-organisms. of V. sulfuris sampled during similar periods and sites to those in our study. These last authors 441 our stable isotopic data do not sustain this hypothesis as δ 13 C of V. sulfuris would have been more 443 enriched and a characteristic shift to the right would have been observed compared to the 444 episymbionts of A. pompejana (Fig.4a) . Both the limpet and the amphipod may have a mixed diet 445 (Figs. 4a, b) and can be regarded both as bacterivores and/or detritivores (Tables 2, 3) . 446 447
Variation in the diet of secondary consumers 448
Despite the fact that we cannot completely rule out the influence of extraneous sources of 449 food upon the organisms we studied within TRACs, as the mobile species such as the errant polynoid 450 polychaetes can prey on items outside the TRACs, we can provide a glance into possible predator-451 prey relationships based on the calculation of the shifts of 1‰ in δ (Table 1) 
may have fed on both 455
Ventiella sulfuris and Lepetodrilus elevatus. In TRACs deployed in the siboglinid habitat, we were 456 able to identify three potential predators (Table 3) : the three polynoid polychaetes B. hessleri, B. 457 sandersi and Lepidonotopodium riftense. These three species did not have the same δ 13 C isotopic 458 values and therefore may either hunt on different types of prey or share the same range of prey but 459 with differing magnitudes of reliance on each prey species. In the one-month experiment deployed in 460 the siboglinid habitat (Table 1), δ 15 N values of the polynoid B. sandersi were heavier than those 461 recorded in the 4-day experiment (Fig.4b) , possibly due to the increase in the number of species 462 within the TRAC, which increased the complexity of the food web and the number of trophic 463 positions in a classical pyramidal food web. In this short-term deployment, δ 15 N values of B. 464 sandersi reflect the nutritional resources on which the worms depend in their natural habitat 465 (siboglinid habitat), which after calculation of their trophic position is most related to a detritical diet 466 (Table 3) (Table 3 ) and thus may have consumed a mixed diet of 474 different species possibly including amphipods (Fig.4b) . The other top predator in the 2-week 475 experiment in the siboglinid habitat (Table 1) in the siboglinid habitat (Table 3) , the polychaete L. riftense may have fed directly on POM (Fig.4b) . 481
Indeed, the δ 15 N was very light for this polychaete species, which is assumed to be a predator, and 482 δ 13 C was depleted compared to those of the other taxa (Fig.4a, b) . Initially in Table 2, this polychaete  483 was seen as a predator only, but in our study after one month this worm switches its diet to 484 detritivore (Table 3) . 485 of A. pompejana suggested that these bacteria could be used as a food source by the alvinellid 495 polychaetes. Analyses of lipid biomarkers were undertaken on both A. pompejana and its 496 episymbionts (Phleger et al., 2005) , but authors were unable to confirm the hypothesis that the worm 497 was actually feeding on its episymbionts. The only conclusion of their analyses was that, thanks to 498 the lipids, fatty acid and sterol profiles, there was strong evidence for bacterial dietary input for A. 499 pompejana suggesting that they were bacterivores, which we also infer in this paper from the TP 500 calculation (Table 3 ). In a recent paper (Grzymski et al., 2008) , a specimen of A. pompejana was 501
shown grazing on the back of another conspecific. Likewise, Shinkaia crosnieri, a vent galatheid 502 crab, was observed grazing on its epibiotic bacteria in an aquarium (Miyake et al., 2007) . It was 503
hypothesized that this vent crustacean may harvest its episymbionts to feed, but that the crab also 504 feeds on free living bacteria (Goffredi et al., 2008) . Again, the limpet Lepetodrilus fucensis hosts 505 filamentous episymbionts on its gill lamellae that may be ingested directly by the gill epithelium 506 Rise. In general we have 3 to 4 trophic levels with multiple food sources for each consumer as seen 516 in Bergquist et al. (2007) and Govenar (2012) (Fig.5) . Primary producers may be divided into three 517 groups, (1) free-living bacteria colonizing TRAC, mostly Epsilonproteobacteria, (2) episymbiotic 518 bacteria attached to invertebrates, (3) Particulate Organic Matter resulting from a mixture of detritus 519 from decaying bodies, mucus, microbial cells and photosynthetically-derived surface material and 520 associated bacteria. Primary consumers may be divided into two groups, (1) bacterivores feeding on 521 free-living bacteria within TRACs or on episymbiotic bacteria, (2) detritivores or scavengers feeding 522 on detritus issued from decomposition of free-living bacteria, episymbionts and invertebrates and 523 photosynthetically-derived surface material and associated bacteria. Secondary consumers are 524 predators feeding on primary consumers either bacterivores or detritivores. Spatial differences may 525 be observed in food web structures within TRACs deployed in alvinellids habitat dominated by 526 primary consumers (bacterivores and detritivores) compared to those deployed in siboglinid habitats, 527
where a higher number of predators (secondary consumers) seems to occur (Fig.4a, b ; Table 3) . 528
Temporal differences in food web structures within TRACs may be more highlighted in our study 529 both in the alvinellid and siboglinid habitats with an increase of detritivores compared to 530 bacterivores over time ( Fig.4a, b ; Table 3 ). 531
Within our study, trophic specialists (most of the species) that have narrow δ concluding it was not the best tool to assess feeding strategies at vent. Using our data, we can agree 537 with these last authors as the two polynoids Lepidonotopodium riftense and Branchinotogluma 538 sandersi considered to be predators (secondary consumers) seen in Bergquist et al. 2007 (Table 2)  539 were seen as detritivores/scavengers (primary consumers) in this study for some of the colonization 540 experiments (Table 3) . These two species have switched their diet evidence from a decrease or an 541 increase in the δ 15 N values (and trophic levels) however the δ 13 C ratios are narrow and not variable 542 leading to specialist feeding strategies in theory, but in fact are more related to generalist strategies. 543 Plasticity in trophic relationships at vents seems to be common in secondary consumers; it 544 does not only occur in Annelid polychaetes like this study, but was seen in Mollusk gastropods and 545 in Arthropods crustacean in other studies at vents (Govenar, 2012) . This switch in diet occurred also 546 within our study in the primary consumer such as Alvinella pompejana, the gastropod Lepetodrilus 
CONCLUSION 556
To conclude we demonstrated by using colonization experiments that some spatial 557 heterogeneity in the δ 13 C of consumers may be observed on a vent edifice at the meter scale, arising 558 from the partitioning of food resources. Our study suggested that within a short period (one month), 559 both δ 13 C and δ 15 N values of some primary and secondary consumers such as Lepidonotopodium 560 riftense, Branchinotogluma sandersi, Alvinella pompejana, Lepetodrilus elevatus and dirivultid 561 copepods varied greatly indicating first of all, a fast tissue turnover and secondly, a switch in feeding 562 strategy or food sources consumption for some invertebrates taxa at this hydrothermal vent. Finally, 563 through the analysis of stable isotopes ratios of alvinellid polychaetes and their episymbionts that we 564 recovered in TRACs, we provided evidence that these attached bacteria may have formed part of the 565 diet of these worms during these in situ experiments. 566
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